Workers may be exposed to nanoparticles (NPs) by inhalation, cutaneous contact and gastroenteric pathways, but today there is no standardized method for either assessing or monitoring the occupational exposure. Moreover, there is no all-in-one assessment strategy, so it is preferable to consider different perspectives. Every assessment should be preceded by a preliminary analysis of the workplace in order to gather useful data on the potential exposure sources, which will help in outlining the assessment strategy. The purpose of air monitoring should be to characterize NP emissions and assess, as a minimum, the mass, particle number concentration, granulometric distribution, specific surface and chemical composition. There are several techniques which may assess these characteristics: the most used in real occupational contexts are mobility particle sizers, particle counters (optical, condensation, etc.), surface area monitors, while personal samplers are promising tools which still have been used almost only in research or controlled contexts. Skin and surfaces may be sampled according to the nature of substances and the circumstances of exposure. Sampling methods can be divided in three main categories: interception (e.g. carbon tabs), removal (e.g. adhesive tape stripping, wiping), in situ methods (e.g. UV fluorescence). Chemical analysis methods (e.g. spectroscopy) and electron microscopy techniques may enhance available data. Considering the available information, we suggest a stepwise approach for risk assessment composed of three steps, starting from a quick and relatively cheap screening method to assess exposure, followed by 2 gradually more accurate but costly approaches to perform whether a significant exposure is detected.
Introduction
Nanoparticles (NPs) production and use is increasing worldwide due to novel interesting applications in electronics, medicine, cosmetics, textiles, semiconductors, varnishes, surface treatments, etc. Many benefits are expected from their use but potential toxic effects related to NPs exposures have been highlighted [1] [2] [3] [4] . Due to their small size NPs are able to enter into our body. Through inhalation route they can damage the lung, some of them can translocate to the bloodstream reaching other organs and tissues at cellular and molecular level. NPs may access to the brain through nose or passing the bloodbrain barrier. NPs can also penetrate and permeate the skin, mainly if damaged [5] .
For that reason it is extremely important to avoid NPs exposure using "safe by design" techniques, close systems, wet formulations, effective local exhaustion and protective equipment. Moreover it is important to evaluate NPs exposure to verify working condition and protect workers to avoid short and long term effects.
The exposure of workers to nanoparticles (NPs) may follow several routes: inhalation, cutaneous contact and gastroenteric pathway (inadvertent ingestion from contact between contaminated hands or objects and the mouth).
The respiratory path is by far the most studied. The exposure can occur at each stage of the production cycle, and it is important to limit the occupational exposure reducing the presence of free airborne NPs.
This may be done by encapsulating emission sources, choosing low dust emission formulations of raw materials, intermediate and final products, adopting fume hood, draw benches, proper ventilation and setting adequate strategies for the management of exhausts. It is also fundamental to give workers proper personal protective devices. Emitted NPs can be deposited on different surfaces, equipment, clothing and on the skin, creating an important potential secondary source of airborne NPs (e.g. by resuspension) [6] .
The contamination from NPs and their interaction with the skin layers are a matter of investigation of increasing importance in occupational health research. Several studies have demonstrated that some nanocompounds can penetrate the outer layers of the stratum corneum while others can permeate and cross the dermal layer (by the intercellular and/or intracellular route or passing through the skin annexes), reaching the systemic circulation.
The lipid matrix of the stratum corneum and of the skin annexes can also act as a significant reservoir for penetrated chemicals and as an intermediate step in reaching blood stream.
The individual characteristics (gender, skin thickness, hair follicle density, blood flow, age, mechanical flexion of skin, systemic diseases, etc.) as well as damages to the stratum corneum (e.g. by irritant compounds, skin diseases, atopic eczema, etc.) can increase the probability of absorption.
Intrinsic parameters of NPs (composition, size, shape, surface chemistry, etc.) may significantly be influenced by the properties of the physiological media and of the environment (background factors, vehicle, density, temperature, pH, etc.), altering the behaviour of NPs itself, in particular causing aggregation, agglomeration (reaching non-nano sized dimensions), precipitation.
Three main aspects are important in the evaluation of the occupational safety profiles [5] :
(a) Size: the smaller the particle, the higher are the probability to cross the skin, especially in impaired skin barrier conditions. It is important to consider that most of the NPs tend to aggregate or disaggregate in real conditions, changing their global size; this behaviour is influenced by the physiological media or by the environmental conditions.
(b) Composition and capacity to release ions and/or toxic compounds: NPs containing metals can release a greater amount of ions compared to bulk materials, given their higher surface mass ratio. This release may increase the risk of local and systemic toxic effects such as skin and/or airways sensitization, especially in presence of high sensitizing metals such as nickel, palladium, chromium and cobalt.
(c) Protective measures of workers: risk can be influenced by factors such as skin flexion and/or skin barrier impairment, use of protective equipment, the reduction of workplace contamination, proper information on risks, etc.
At present, there are no existing standardized methods for either assessing or monitoring the occupational exposure to nanoparticles [7] . The methods presented in this review are commonly chosen assessment strategies and have either been used in several occupational contexts for the study of nanoparticles or may be adapted to.
The contamination of surfaces and skin may influence the airborne presence of nanoparticles and vice-versa. Skin exposure is also worth evaluation in order to better understand whether workers can come in contact with nanoparticles via this exposure route. Given all this considerations, an integrated approach which takes into account air sampling and skin and surface contamination should be recommended. Graph 1 shows a summary of existing techniques for risk assessment.
General Recommendation Prior to Each Assessment
Before proceeding with quantitative assessments, a qualitative assessment should be performed in each workplace scenario in order to gather data regarding the production facilities and methods:
-Raw materials, intermediate and final products, polluting substances originated during production; -The source and the size of expected nanoparticle emissions;
-Number and task of workers involved in the production and the exposure times for each task; -Information about workers' garments and personal protective devices; -Planimetry of the production facility, ventilation (and the direction of air flows) and the presence of aspiration devices; -Location, type of machinery and their exact role in the productive process;
-The geometry and roughness of surfaces in the workplace;
-The cleaning procedures of the workplace, workers and the management of wastes.
Proper information about the assessment practices should be given to the workers and to the company leadership.
Air Monitoring for Nanoparticles
The air monitoring strategy for nanoparticles may adapt techniques already used for non-nano scaled compounds (such as personal and environmental samplers) and/or utilize newly developed instruments. At present there is no all-in-one solution but instead it is preferable to take into consideration different points of view. There is currently no consensus concerning ultrafine particles and NPs exposure evaluation measures [8] .
The purpose of air monitoring should be to characterize NP emissions and assess, as a minimum, the particle number concentration, granulometric distribution, specific surface and chemical composition [9] . There are several techniques which may assess the mass and/or the number of particles and/or the specific surface and the granulometric distributions of the NPs.
Some examples of techniques and instruments useful for NP aerosol assessment [8] :
-Condensation particle counters (CPC) allows the determination of the particle number concentration and real time concentration of fine and ultrafine particles; other particle counters such as OPC (Optical Particle Counter) have also been used.
-Electrical Low Pressure Impactors (ELPI), Mobility Particle Sizer (such as Scanning Mobility Particle Sizer, SMPS): those techniques can determine a set of parameters such as numerical, mass and specific granulometric distributions.
-Newly developed miniaturized instruments: which has the advantage to be placed in the respiratory zone, such as passive aerosol dosimeters [10] , Aerasense Phillips NanoTracer® [11, 12] , DiSCMini Diffusion Size Classifier, thermal precipitators [13, 14] .
The particles measurements may be performed with 
Assessment of Skin Exposure t o N a n o p a r t i c l e s a n d S k i n Contamination
The factors which are able to influence skin exposure are linked [16, 17] :
-to skin's physiological characteristics (body site, sex, age) and skin conditions (impaired stratum corneum, skin hydration, vasodilation, temperature); -to chemical and physical characteristics of the substance to which workers are exposed (lipophilicity, polarity, chemical structure, volatility, concentration); -to exposure-related factors (job, exposure time, environmental conditions, skin exposed area, substance concentration, use of garments and personal protective devices, individual hygienic conditions).
The skin may be sampled according to the nature of the substance and the circumstances of the exposure. Those methods can be divided in three main categories: interception (e. g. carbon tabs), removal (e.g. tape lifting) and in situ methods (for fluorescent or UV absorbent substances) [6, 18] .
Interception methods
Interception methods are intended to intercept nanoparticles in their route towards the skin, before reaching the outer skin layers.
One of the most promising involves the use of carbon tabs, which are double-sided adhesive tabs used as an interception sampler, fastened to the outside of clothes or directly over the skin. These tabs are useful to sample powders, suitable for viewing in a high vacuum SEM and allowing also analysis on size distribution. They can also play a role in testing the efficacy of personal protective equipment by placing them between the protective equipment and workers' skin.
Carbon tabs should be applied at the beginning of the work shift and removed at the end of a full work shift of 8 hours, positioned: -Over the garments or protecting devices (gloves, masks): dorsum hands (volar hands may be assessed but usually is not possible), dorsal and volar forearms, face, chest, thighs, feet; -Under the garments or personal protecting devices, in the same body areas as above.
An estimation of the contamination of workers' skin can be performed using anatomical models [19] and/or mathematical formulas [20] .
The manipulation of tabs should be performed carefully, avoiding further contamination or loss of deposited substance. Tabs should be collected and stocked in proper containers and can be further analysed by Scanning Electronic Microscopy (SEM) for gaining quantitative and morphological information on aggregates of particles ( Fig. 1 ) and may be qualitative analysed by complementary techniques such as Energy Dispersive X-Ray analysis (EDX) (Fig. 2 ).
Given the possibility of skin irritation after long term application of adhesive carbon tabs we would recommend to avoid prolonged direct application on skin but instead to either apply the pads over the skin with an interposition layer (e.g. a garment, an underglove or an armband) or either adopt other interception strategies.
The alternative strategies which might be used can involve the use of other sampling supports, such as swabs, which can be chemically analysed after collection. It is important in this case to carefully choose the swab, possibly with the consultancy of the laboratory which is going to analyse the swab, since the analytical method may be influenced by the composition of the swab itself and by the chemical nature of the nanoparticles.
Removal methods
There are several potential approaches in skin assessment by means of removal methods: in particular, the most common are skin wiping and adhesive tape stripping. Another interesting method for dermal exposure assessment is bag rinsing [21] but -at our knowledge -this approach still has not been proposed for nanoparticles.
Skin wiping
Skin wiping technique consists in the removal of contamination from the skin by swiping it through a swab soaked with water or other skin-safe solvents as needed. The removal must provide, manually, an external force that equals or exceeds the force of adhesion of the assessed material over a defined skin surface area. The contaminant is detached from the skin by a combination of mechanical forces and wet chemical action (dissolution) [21] .
We suggest to assess the most exposed skin areas (usually hands, forearms and the face) of selected workers, taking note of the presence of garments and/ or personal protective equipment. The results should be expressed in terms of mass per surface unit, and, whenever possible, a standardized shaped area should be used. We suggest to apply a standardized assessment technique, such as to adapt to the skin the standardized ASTM procedure for surface testing [22] . In this procedure, skin is wiped in three passes, each time using an unexposed surface of the wipe: the first pass consists of s-shaped parallel horizontal movements, the second one of parallel vertical movements (perpendicular to the first pass) while the third pass is made along the perimeter. It is important to take note of the total exposure time of the selected workers.
The tested workers should clean the chosen skin surfaces at the beginning of the work-shift and avoid cleaning them again until final assessment. If this is not possible (e.g. hands for hygienic reasons during lunch), the assessment should be done before skin cleaning (and evaluated taking into consideration the reduced exposure time). To reduce inter-operator variability, it is preferable that only one operator performs the assessment in the whole test, using a new pair of powder less gloves for each sample.
After the sampling procedure, each swab should be placed into a clean container, securely sealed and labelled and stored at environmental temperature before chemical analysis (swabs should be chosen with the consultancy of the laboratory which is going to analyse them, since the analytical method may be influenced by the composition of the swab and by the chemical nature of the NPs). It is also possible to consider the use of special wipes (such as Ghost Wipes), which are easier to dissolve prior to a chemical analysis and have been already used in NPs assessment [18] .
Adhesive tape stripping
Tape stripping allows the removal of the cell layers of the stratum corneum and contaminating particles from the human skin. The protocol of tape stripping may be derived from the international literature, e.g. Lademann J et al. [23] . Strips should be collected at the end of the workday from skin exposed areas of the palmar portion of forearm or forehead, choosing areas with a low amount of hair follicles (the selected areas should be clean at the beginning of the work-shift). The presence of garments or personal protective equipment must be annotated.
Tape stripping is a commonly and successfully used technique to study the stratum corneum and to assess the quality and efficacy of cosmetic and dermatologic products and may be adapted to the study of nanoparticles permeation through the stratum corneum.
However, the use of a full tape stripping protocol may be difficult in an occupational context: the protocol requires a long amount of time, a well-trained operator, technical appliances to determine the right amount of strips for each tested worker and may cause temporary discomfort to the tested volunteer (redness of skin, itching, skin colour alteration) which might last for some days/weeks after the procedure until the stratum corneum is fully restored.
A n a p p r o a c h w h i c h c a n l e a d t o a g o o d approximation of the contamination, limiting most of the issues of a full-scaled protocol, may involve the application of some tape strips (e.g. 1-3) just to assess the external stratum corneum contamination.
Tape strips can be chemically analysed in order to quantify and qualify the contamination and may be studied by SEM / EDX techniques.
In situ methods
These methods usually take advantage of the fluorescent properties of substances under longwave ultraviolet light (UVA), allowing to a direct visualization on the surfaces (or on the skin).
A previously calibrated software is usually utilized to compare the fluorescent brightness of the substances on the surface and to estimate its total amount. This is a feature of a limited number of substances, so the variety of particles that may be analysed is reduced, compared to other methods. Other drawbacks of the methodology are related to the fact that since it is a wide-scale visualisation, individual nanoparticles cannot be seen on the surface or on the skin and the particle size cannot be determined.
However, an important advantage is that bulk nanoparticles are observed in real conditions, along with their natural physical behaviour (agglomeration, etc.) [24] .
Evaluation of Contamination on Workplace Surfaces
Workplace contamination of surfaces and equipment can be assessed by several methods (e.g. microvacuum, wipe collection, tape sampling, etc.).
Wipe sampling
The wipe testing of surfaces is a useful methodology which applies to the analogue technique previously described in the wipe testing of the skin. It is recommended to adopt standardized procedures such as the one from ASTM [22] , which requires to choose a 10 cm 2 surface and assess it via the previously described methodology.
When testing for the deposition of nanomaterials (e.g. an evaluation of deposition during a production cycle) it is mandatory to assess the cleanliness level of the chosen test areas and to clean them with a cleaning solution appropriate to the assessed materials, before the beginning of the production cycle.
Whenever possible, we suggest to assess smooth or slightly rough surfaces because the roughness may damage the swab and lead to the loss of integrity of the swab.
All other considerations made for the wipe sampling of skin are valid also in the case of surfaces.
Tape sampling
The tape sampling of surfaces involves the removal of the contaminants that have been deposited on the most external layer of a workplace surface (such as a table, a machinery, a tool, etc.).
It is important to properly choose the characteristics of the adhesive tapes in particular regarding the feasibility of further evaluation (chemical analysis, SEM/EDX, etc.).
As recommended for wipe sampling, when testing the deposition of nanomaterials during a production cycle, a preliminary cleaning of the surface is mandatory at the beginning of the cycle.
It is recommended to collect some blank tape samples to check the potential contamination status after the cleaning procedure and to remove any residuals of adhesive after this procedure.
The surface of the tape should be pressed against the workplace surface and rubbed lightly to ensure the adhesion of particles. Then the tape should be pulled off with a fluent movement and stored. In order to minimize between operator variability on these procedures and on skin removing, all procedures should be performed by the same operator.
Adhesive carbon tabs may be an interesting alternative to tape strips even if, at our knowledge, the use of this type of support still has not been described in international literature.
Microvacuum
Surface contamination screenings may be conducted by microvacuum technique. These methods, along with wipe sampling methods, are being used in a growing number of workplaces, despite the uncertainty in the findings at the current state of knowledge [18] .
Surface microvacuum samples can be collected on filter media which may then be analysed by means of other explained methodologies such as SEM/TEM and energy dispersive X-ray spectroscopy. With such methodologies, the particles and their aggregates can be directly seen and analysed in terms of composition.
It is suggested to use a standardized sampling area (such as 10 cm 2 ) whenever possible.
In situ methods
These methods are similar to the ones already described in the section regarding skin assessment.
Sampling Techniques Used in Real Workplace Contexts for the Assessment of Nanoparticles
All the above mentioned techniques have been used in workplace assessments for several types of chemicals but, despite the fact that all of them may be readapted for the use in nanoparticle assessment, there still are few international researches on the topic. Some of the most relevant approaches -at our knowledge -are described in the following sections and a more complete reference list is provided in Table  1 at the end of the section. From the table it can be perceived how most of the studies have focused on air monitoring while very few studies have approached the contamination of workers' skin and surfaces.
Air monitoring of nanoparticles
Several authors have already used techniques for NPs aerosol assessment in both experimental and workplace contexts. In the following paragraph are summarized examples from some of the most recent and relevant articles available on the topic, even though a complete summary would deserve a review on its own. CPC (Condensation Particle Counters), OPC (Optical Particle Counters) and MPS (Mobility Particle Sizers) are the techniques which have been mostly used in real workplace contexts for the air monitoring of NPs. They have been used for assessing NPs in offices (for laser printers indoor pollution), in semiconductor fabrication, in the production or use of epoxy and/ or carbon nanotubes and nanocomposites, fullerene factories, traditional pottery manufacturing, recycling facilities, industrial use of TiO 2 , silver nanofibers and several other occupational contexts.
Lee and co-workers [25] have adopted several air monitoring techniques for NPs, such as CPC and SMPS in an occupational context, two facilities conducting research on graphene. Those techniques were used together with other real -time monitoring techniques and with TEM analysis on samples. Researchers found graphene-like structure and aggregated / agglomerated carbon structures in TEM observation, while the mass concentration of suspended particulate and elemental carbon concentrations were very low and mostly below the detection limits.
CPC and SMPS were also used by Niu et al. [26] for assessing particle number concentrations, size distribution, and to characterize the variability of the background aerosols. Performing a point source study of laser printers, authors found that NPs emitted from older models were distinguishable from the background, while emissions from newer printers are likely to be indistinguishable from the background, requiring further chemical characterization to better identify the emission sources.
Shepard and Brenner [27] used CPC, optical particle counters and SMPS in a semiconductor fabrication in which engineered nanoparticles of alumina, amorphous silica and ceria are used during wafer polishing steps in the production of semiconductor devices (the measured concentrations were below currently proposed benchmarks or reference value for poorly soluble low-toxicity nanoparticles). TEM/EDX analysis were furtherly conduced on air samples which identified structures containing the elements of interest (Al, Si), primarily as agglomerates or aggregates in the 100-1000 nm size.
The ELPI technique has been used by Kreider et al. [28] in a real workplace environment, successfully managing to assess carbon black and amorphous silica in a tire manufacturing facility, confirming the presence of such NPs in the workplace. The method has been found useful in providing quantitative estimates of worker's exposure to NPs. Using ELPI, Kim et al. [29] have assessed airborne NPs in a rubber manufacturing factory which used recycled tires finding a high concentration of specific NPs, including silicon, sulphur and zinc.
Other techniques which are worth to be mentioned are NSAM (Nanoparticle Surface Area Monitors), APS (aerodynamic particle sizers), aerosol monitors, cascade impactors and diffusion chargers. Some examples of occupational contexts in which those methods have been used are listed in Table 1 .
Miniaturized instruments are newer innovation among the NPs sampling techniques and there are few international articles on this topic in real occupational contexts. DiSCMini has been found as a reliable tool, but the studies regarding this instrument have been made for environmental or research contexts and not in occupational settings. Along with DiSCMini, also passive aerosol samplers have not been used in occupational contexts for NPs assessment.
Skin contamination
The adhesive tape stripping technique on the skin of worker, in order to assess skin contamination from nanoparticles, has been adopted by Hedmer et al. [6] testing a worker in a small scale production facility of multi-walled carbon nanotubes. However, the researchers were not able to find nanoparticles within the collected skin layer.
Surfaces contamination
Shepard and Brenner18 proposed to adopt the ASTM D6480 protocol in the wipe sampling of surfaces in a semiconductor production factory. They found nanoparticles of silica in the surface sampling and silica and/or alumina aggregates. The authors felt that more rigorous and validated methods are necessary if more details such as quantitative results of particle size and number density are required.
The same authors have performed, in the same environment, a microvacuum assessment adapting it from ASTM D5755 Standard test method for microvacuum sampling and indirect analysis of dust by transmission electron microscopy for asbestos structure number surface loading [30] . After having analysed the sampling media (a polycarbonate filter, included in a polypropylene cassette) by means of TEM/EDX analysis, the researchers found nanoparticles of Si and Al in five over nine samples.
The approach of tape sampling of surfaces has been proposed by Hedmer et al. who adopted a method conforming to the standardized one proposed by ASTM [31] in their study of a facility producing multi-walled carbon nanotubes [6] , finding those nano structures, along with nano discs, in a significant amount of samples after SEM analysis (in 50% and 17% of samples, respectively). Hedmer et al. concluded that tape sampling is a functional method for assessing surface contamination and exposure control during production at potentially any workplace that produces or handles carbon-based nano object and aggregates; it is also an important complementary method to air sampling, which can contribute to a better view of the hygienic situation of workplaces.
Decontamination Techniques
When the skin comes in contact with NPs the decontamination is not an easy issue. Due to the small size NPs can penetrate into the stratum corneum and the washing procedures can't be effective to remove the NPs that may remain on the surface of the skin and subsequently penetrate into the skin or reach the hair follicles [32] . For that reasons it is extremely important to avoid the skin contact with NPs using effective protective equipment.
Biological Monitoring and Markers of NPs Exposure in Workers
The air, skin and surfaces monitoring can be integrated by the research in biological fluids (urine, blood) or exhaled breath of markers of exposure or effects in exposed workers. When people are exposed to NPs containing metals, those metals can be search into urine or blood, using the biological monitoring suggested by the American Conference of Governmental Industrial Hygienist [33] .
Liao et al. [34] . studied for 6 months workers of different factories exposed to nanomaterials in Taiwan. The group found that antioxidant enzymes (superoxide dismutase, glutathione peroxidase), cardiovascular markers (vascular cell adhesion molecule, paraoxonase), the small airway damage marker (Clara cell protein 16) and lung function test parameters were significantly associated with nanomaterial-handling.
In workers exposed to carbon nanotubes, Shvedova et al. [35] analysed changes in the ncRNA and mRNA expression profiles in blood, finding significant differences between subjects exposed for at least 6 months and controls.
Peclova et al. [36] , in 2015, analyzed the content in titanium dioxide (anatase or rutile) in exhaled breath condensate of workers exposed to titanium dioxide nanoparticles finding a detectable amount of the metal in post shifts samples. No titanium was detectable in urine.
In workers exposed to iron oxide nanoparticles Peclova et al. [37] , in 2016, found in exhaled breath condensate a significant increase of markers of oxidative stress such as malondialdehyde, 4-hydroxyt r a n s -h e x e n a l e , 4 -h y d r o x y -t r a n s -n o n e n a l e , 8-isoProstaglandin F2α (8-isoprostane) and aldehydes C6-C12 and markers of nucleic acid oxidation, such as 8-hydroxy-2-deoxyguanosine (8-OHdG), 8-hydroxyguanosine (8-OHG), 5-hydroxymethyl uracil (5-OHMeU).
The same authors, in another study [38] , found a significant increase of markers of oxidative stress in exhaled breath condensate of workers exposed to titanium dioxide NPs.
A s s e s s m e n t o f N P s i n R e a l O c c u p a t i o n a l C o n t e x t s : A Simplified Integrated Approach to Workplace Evaluation
In the following table (Table 1) there is a summary of the instruments adopted in the assessment of nanoparticles in real occupational contexts.
Given all the above mentioned consideration, it is quite difficult to suggest a single and comprehensive approach to NPs evaluation in real workplace contexts, but we feel that a stepwise approach for risk assessment may be recommended (Fig. 3) .
Eval.
Tech. Occupational contexts Refs.
Air MPS
Fullerene factory, processing of TiO2, TiO2 spray, silver, nanofibers, synthetic ceramic nano-powders, carbon nanotube production and/or handling, refinery, highway tollbooth, quantum dot spray deposition, fastener manufacturing plant, laser printers, thermal cutting polystyrene foams, traditional pottery manufacturing, 3D Printer Operation, iron oxide pigment production, welding fumes. Table 1 Summary of the instruments adopted in the assessment of nanoparticles in real occupational contexts.
1st step: preliminary screening of the workplace à the purpose of this step is to give a quick and low effort evaluation of the workplace in order to verify if there is the need to perform a risk assessment for NPs in the workplace (2nd step):
• Identify the possible sources of NPs, following the advices described in General recommendations prior to each assessment section.
• Using a portable nano-counter (e.g. DiSCMini) assess the baseline environmental presence of NPs in the workplace, when production is not running (e.g. before the beginning of the work shift).
• With the same tool, assess whether an increase of the presence of NPs occurs when production is going on, especially in close position to the main identified sources.
• Assess some of the workplace's surfaces, both close and far from the emission sources, using carbon tabs / tape strips and place some carbon pad in critical spots to catch airborne NPs; evaluate the presence and the composition of nanoparticles using electron microscopy and analytical methods such as EDX, in order to check if the NPs are actually related to the production cycle.
2nd step: risk assessment for NPs in the workplace à this step is important to qualify and quantify the risk for NPs in the examined occupational context:
• This step is recommended whether an increase in the presence of NPs is evidenced by portable nanocounters and/or if NPs are detected in carbon tabs / tape strips.
• Perform environmental and personal air sampling with the use of a proper impactor and sampling media in order to proceed with a TEM analysis coupled with EDX spectroscopy for a qualitative and morphological evaluation.
• Increase the number of carbon tabs and tape strips, sampling and analysing as described in 1st step. Wipe testing from the surfaces, along with the subsequent chemical analysis, can be performed in the same areas in order to increase the available information.
• Perform some tape strip from the skin of workers, and evaluate samples by means of electron microscopy.
3rd step: detailed assessment and characterization of NPs in the workplace à when required, this step is useful to further qualify and quantify the presence of NPs in the workplace:
• This step requires heavy, complex and expensive instrumentation and should be recommended only when a relevant risk is encountered at the 2nd step. Since at present the are no guidelines on risk evaluation for NPs, the evaluation of the relevance • One or more of the techniques described in table 1 for the air sampling of NPs (e.g. CPC, MPS, etc.) should be used in order to better identify the characteristics of airborne NPs.
• If needed, increase the number of available information from tape strips, carbon pads, wipe samples, etc.
• Perform biological monitoring to research metals in urine, blood or exhaled breath condensate. Evaluate effects in exhaled breath condensate.
Even though this stepwise approach does not guarantee a full characterization of NPs in the first two steps, it is a reasonable compromise in order to evaluate with cheaper techniques whether there actually is a relevant exposure to NPs and consequently the need to perform further evaluation with more sophisticated and expensive techniques.
Conclusions
The exposure of workers to NPs may follow several routes and there is neither an all-in-one solution nor a standardized method for a proper assessment or for the monitoring. It is required a good knowledge of the workplace and the production cycle before the assessment procedure.
There are several air monitoring strategies, some of which are re-adaptations of techniques already used for non-nano compounds while some other are specifically designed for NPs.
The skin may be assessed by means of interception methods (e.g. carbon pads), removal methods (such as skin wiping or adhesive tape stripping) or in situ methods. Similar techniques may be used in the assessment of the contamination of surfaces and equipment, along with microvacuum techniques.
Despite the advantages and the disadvantages of each method, further studies are needed, possibly in real occupational contexts, to further evaluate those techniques and/or to try new ones in order to develop a scientifically accepted protocol for risk assessment in the workplaces.
A stepwise approach to the evaluation of NPs in the workplace is proposed, in order to suggest a quick and relatively cheap screening method to assess exposure, followed by 2 gradually more accurate but more expensive approaches to perform whether there is a significant exposure to NPs.
